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a b s t r a c t

Widespread use of mobile phones has increased the human exposure to electromagnetic fields (EMFs). It is
required to investigate the effect of EMFs on the biological systems. In this paper the effect of mobile phone
RF (910 MHz and 940 MHz) on structure and function of HbA was investigated. Oxygen affinity was mea-
sured by sodium dithionite with UV–vis spectrophotometer. Structural changes were studied by circular
dichroism and fluorescence spectroscopy. The results indicated that mobile phone EMFs altered oxygen
affinity and tertiary structure of HbA. Furthermore, the decrease of oxygen affinity of HbA corresponded
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to the EMFs intensity and time of exposure.
© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, more than 2.5 billion people utilize cell phones
nd base stations constituting the cell network. The global system
or mobile communication (GSM) which being used in most of
he countries has a frequency of either 900 or 1800 MHz (pulsed
t 217 Hz, band width of 200 kHz). The spectrum of 900 MHz
as two bands: 890–915 MHz which is specific for handset, and
35–960 MHz which is specific for base station antenna. The devel-
pment of mobile communication has aroused a deep interest in
eople and has stimulated wide and often controversial discussions

n the scientific community about potential damages induced by
xposure to low-level radiation emitted in the microwave (MW)
egion [1].

There are several works on the effect of electromagnetic fields

EMFs) on proteins. The possibility that RF radiation may cause
hanges in protein conformation and hence biological properties
as been reported in Refs. [2–9]. George et al. [10] studied cit-
ate synthase unfolding by the effect of EMFS, and concluded that
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microwaves have effect on protein conformation that could take
the form of a direct interaction of the electromagnetic fields with
the protein or its water of hydration. In another work Mancinelli et
al. [11] also showed the same result, exploring a potential role of
MW-EMFs exposure in affecting folding process and/or determin-
ing the misfolding of polypeptide chains. Exposure to cell phone
radiation up-regulates apoptosis of genes in primary cultures of
neurons and astrocytes [12], and in human endothelial cell lines
[13]. Also expression of Hsp70 [14,15]; early gene, c-fos [16]; G1
phase-regulating proteins [17]; tumor suppressor p53 [18]; up-
regulating P27Kip1 [19] affected by microwave irradiation.

It has reported the change in the activity of enzymes upon expo-
sure by microwave EMFs, e.g., extracellular-signal-regulated kinase
[20]; antioxidative enzyme activities [21]; trichoderma reesei cel-
lulase [22]; Na, K-ATPase [23]; acetylcholinesterase [24,25]; soluble
and insoluble peroxidase [26]; cerebral cytochrome c oxidase [27].

Schirmacher et al. [28] reported the influence of high frequency
EMFs on the permeability of an in vitro model of the blood–brain
barrier (BBB). They concluded that on exposure to EMFs the per-

meability of 14C-sucrose increased significantly compared to that
of the unexposed samples.

In light of what happen to biological systems by exposing to
the EMFs, there are some evidences for possible effects of EMF
via involving in electron transfer reactions. These were extensively

http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:moosavi@ibb.ut.ac.ir
dx.doi.org/10.1016/j.ijbiomac.2009.01.001
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eported by Blank and coworkers [9,23,29–39]. Blank and Soo [34]
ere also examined the EM field effects on electron transfer by
sing simple system, the classic oscillating Belousov-Zhabotinski
BZ) reaction. They concluded that EM fields accelerate all linked
edox reactions. In other work [39] they concluded that 60 Hz mag-
etic fields accelerate electron transport from cytochrome c to the
nzyme, cytochrome oxidase. In other studies, they demonstrated
he effects of low frequency electric and magnetic fields on several
iochemical systems, including the Na,K-ATPase, and indicate that
MFs interact with electrons [23,33]. In recent review paper, Blank
9] was considered examples of direct effects of electric and mag-
etic fields on charge transfer in biological systems, and reported
he structural changes driven by such effects. Blank [9] also con-
luded that conformational changes that arise from alterations in
harge distribution play a key role in membrane transport proteins,
ncluding ion channels, and probably account for DNA stimulation
o initiate protein synthesis. In conclusion it appears likely that
eak EMFs can control and amplify biological processes through

heir effects on charge distribution.
Behind these works there are also several papers showed that

he EMFs had no effects on biological systems. Schwarz et al.
40] reported the genotoxic effects of Radiofrequency EMFs (GSM,
950 MHz) in vitro in human fibroblasts but not in lymphocytes.
hey concluded that GSM exposure may cause genetic alterations
n some but not in all human cells in vitro. Martino et al. [41]
howed that pulsed EMFs did not affect on the metabolic activ-
ty and cell number of SaOS-2 osteoblast-like cells. Mobile phone
xposure does not induce apoptosis on spermatogenesis in rats
hich were reported by Dasdag et al. [42]. Stefanics et al. [43]

eported a single 10 min exposure of 900 MHz EMFs emitted by
commercial mobile phone does not produce measurable imme-
iate effects in the latency of auditory brainstem waves I, III and
. Leadbeater et al. [44] showed that microwave irradiation on

he lipase-catalysed transesterification reaction of methyl acetoac-
tate does not have a noticeable effect on reaction rate or product
onversion. Mobile phone base station-emitted radiation does not
nduce phosphorylation of Hsp27 reported by Hirose et al. [45]. Fer-
eira et al. [46] showed that high frequency EMFs exposure on the
entral nervous system of rats is not able to produce detectable
xidative stress. Zeng et al. [47] reported that RF EMFs exposure
nder experimental conditions cannot produce distinct effects on
ene and protein expression in the MCF-7 cells. Thorlin et al. [48]
uggested that exposure of cultured astroglial and microglial brain
ells to 900 MHz microwave radiation does not provide evidence
or any effect. Bismuto et al. [1] showed that Measurements of
bsorption spectroscopy, circular dichroism and fluorescence emis-
ion decay in the frequency domain do not exhibit any influence
f the microwave radiation on the native structural state of myo-
lobin. Li et al. [49] reported that 837 MHz microwave exposure of
P53 tumor suppressor protein in normal human fibroblasts do not
hange significantly.

Normal hemoglobin (HbA) is an essential component of the cir-
ulatory system of vertebrates. Its chief physiological function is to
ransport oxygen from the lungs to the tissues [50]. Hemoglobin
molecular weight 64,500) is roughly spherical, with a diameter
f nearly 5.5 nm. It is a tetrameric protein containing four heme
rosthetic groups, each one associated with each polypeptide chain.
dult hemoglobin contains two types of globin, two � chains (141
esidues each) and two � chains (146 residues each). Although,
ewer than half of the amino acid residues in the polypeptide
equences of �- and �-globins subunits are identical, the three-

imensional structures of the two types of subunits are very similar.

In arterial blood passing from the lungs through the heart to the
eripheral tissues, hemoglobin is about 96% saturated with oxy-
en [51,52]. In the venous blood returning to the heart, hemoglobin
s only about 64% saturated [52]. Hemoglobin, with its multiple
gical Macromolecules 44 (2009) 278–285 279

subunits and O2-binding sites, is better suited to oxygen transport.
Interactions among the subunits in hemoglobin caused confor-
mational changes that alter the affinity of the protein for oxygen
[53,54]. The modulation of oxygen binding allows the O2-transport
protein to respond to changes in oxygen demand by tissues.
Hemoglobin must bind oxygen efficiently in the lungs, where the
pO2 is about 13.3 kPa, and release oxygen in the tissues, where the
pO2 is about 4 kPa. Myoglobin, or any protein that binds oxygen, and
this binding is described by a hyperbolic binding curve, would be
ill suited to this function. A protein that binds O2 with high affinity
would bind it efficiently in the lungs but would not release much of
it in the tissues. If the protein that binds oxygen with a sufficiently
low affinity to release it in the tissues, it would not pick up much
oxygen in the lungs. Hemoglobin solves the problem by undergoing
a transition from a low-affinity state (the T state) to a high-affinity
state (the R state) as more O2 molecules are bound. As a result,
hemoglobin has a hybrid S-shaped, or sigmoid, binding curve for
oxygen [55].

In addition to carrying nearly all the oxygen required by cells
from the lungs to the tissues, hemoglobin carries two end products
of cellular respiration (H+ and CO2) from the tissues to the lungs
and the kidneys, where they are excreted. Carbon dioxide must
be hydrated and therefore results an increase in the H+ concen-
tration (a decrease in pH) in the tissues. The binding of oxygen by
hemoglobin is profoundly influenced by pH and CO2 concentration,
so the interconversion of CO2 and bicarbonate is of a great impor-
tance to the regulation of oxygen binding and release in the blood.
Hemoglobin transports about 40% of the total H+ and 15–20% of the
CO2 formed in the tissues to the lungs and the kidneys. The binding
of H+ and CO2 is inversely related to the binding of oxygen. At the
relatively low pH and high CO2 concentration of peripheral tissues,
the affinity of hemoglobin for oxygen decreases as H+ and CO2 are
bound, and O2 is released to the tissues. Conversely, in the capillar-
ies of the lung, as CO2 is excreted and the blood pH consequently
rises, the affinity of hemoglobin for oxygen increases and the pro-
tein binds more O2 for transport to the peripheral tissues. This effect
of pH and CO2 concentration on the binding and release of oxygen
by hemoglobin is called the Bohr effect, after Christian Bohr, the
Danish physiologist who discovered it in 1904. The O2–saturation
curve of hemoglobin is influenced by the H+ concentration. Both O2
and H+ are bound by hemoglobin, but with inverse affinity. When
the oxygen concentration is high, as in the lungs, hemoglobin binds
O2 and releases protons. When the oxygen concentration is low, as
in the peripheral tissues, H+ is bound and O2 is released. Oxygen and
H+ are not bound at the same sites in hemoglobin. Oxygen binds to
the iron atoms of the hemes, whereas H+ binds to any of several
amino acid residues in the protein [51,55–58].

2,3-disphosphoglycerate (DPG) is another molecule which con-
tribute in hemoglobin function. DPG is known to greatly reduce the
affinity of hemoglobin for oxygen. There is an inverse relationship
between the binding of O2 and the binding of DPG and binds at a site
distant from the oxygen-binding site and regulates the O2-binding
affinity of hemoglobin in relation to the pO2 in the lungs [55,59].

In this research we attempted to study the effect of mobile phone
EMFs on the oxygen affinity and structure of HbA, because of the
importance of hemoglobin as a sole oxygen transporter in blood.

2. Materials and methods

2.1. Materials
All chemicals were purchased from Merck (Germany). These
were of analytical grade and were used without further purification.

All measurements were made in triplicate at 37.0 ± 0.1 ◦C unless
otherwise indicated.
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.2. Methods

.2.1. Preparation of hemoglobin
Human adult hemoglobin (HbA) was prepared from human red

lood cells of healthy donors. The heparinized blood was cen-
rifuged to remove plasma components. The packed red cells were
ashed three times in an isotonic saline solution (0.9% NaCl) and

ed cells were osmetically lysed with cold double distilled water.
embrane components were removed by low-speed centrifuga-

ion (3000 rpm). The soluble Hb was centrifuged at least two
dditional times at high speed to remove any insoluble materials
10,000 rpm). The hemoglobin solution was then brought to 20%
aturation with ammonium sulfate, left standing for about 15 min,
nd centrifuged at 20,000 × g for 1 h at 2 ◦C. The supernatant con-
ained HbA [60].

2,3-diphosphoglycerate was removed by method of Benesch et
l. [61]. HbA samples were dialyzed at least three times in 50 mM
hosphate buffer (pH 7.5) for 24 h. The hemoglobin concentra-
ion was determined spectrophotometrically using a millimolar
xtinction coefficient of 13.5 (monomer basis) at 541 nm for oxy-
emoglobin [62]. Additionally, the samples were analyzed by
onventional sodium dodecyl sulfate polyacrylamide gel elec-
rophoresis (SDS-PAGE) for purity.

.2.2. Exposure setup
Exposure of HbA to the RF 910 MHz and 940 MHz EMF were

arried by a spiral antenna (frequency range: 800 MHz to 12 GHz)
n a temperature controlled incubator in the shielded room of the
ntenna Laboratory of the University of Tehran (see Fig. 1).

If the sample is situated far from the antenna, it can be assumed
hat the incident signal is a plane wave. The electric field intensity
EFI) in the location of the sample has been measured using an
-field probe and a calibrated spectrum analyzer at 37.0 ± 0.1 ◦C.

RF continuous wave without any modulation is generated by the
P 8657A signal generator. As the output power level of the signal
enerator is limited to 15 dBm (decibel referenced to mW), a high
ower WicomTech GSM amplifier is added to guarantee the power
equirements.

The HbA sample (3 mL of solution) in a polystyrene tube
as exposed to the 910 MHz or 940 MHz EMF. Temperature was

ontrolled to within ± 0.1 ◦C by the incubator manufactured by
ERSSOJEN CO (Iran). The treated sample was matched with unex-
osed control which was kept in the same experimental conditions,
xcept this was isolated in a 10-mm thickness aluminum sample
older with an aluminum cap.

The cable carries the signal from the E-field probe to the spec-
rum analyzer, which has 2.5 dBm losses. Observed power by the

pectrum analyzer (e.g., 21 dBm) shows that power on the sample
s equal to 23.5 dBm or 233.87 mW. Assuming the dipole antenna
probe) has a resistance, with R = 50 � and length, L = 6.1 cm, the
lectric field intensity of 37.7 dBV/m or 77 V/m was determined on
he sample, which is equal to 2 dBm/cm2 or 15.7 W/m2 using the

Fig. 1. A block diagram for exposing the HbA samples.
gical Macromolecules 44 (2009) 278–285

relation:

U = E2

�
Or UdB = 2EdB − 25.7dB (1)

where E is the electric field intensity (EFI), � is the free space char-
acteristic impedance (377 �), and U is the power density.

The hemoglobin sample is holded inside the plastic tube with
5 cm in length and 1 cm in diameter. The change of temperature
inside the tube upon interaction with mobile phone radiation is
calculated and it was negligible.

2.2.3. Measurements of the oxygen affinity of HbA
Oxygen affinity of hemoglobin was measured on the basis of

differences in spectral characteristics between the two pigments,
oxyhemoglobin and deoxyhemoglobin as described by Tietz [63].
Absorbance of 800 �L HbA in 10 mM phosphate buffer (pH 7.4)
was determined at 548 and 577 nm. These were designated A548(o)
and A577(o), respectively, where subscript o represents oxygenated
protein. 100 �L of sodium dithionite (Na2S2O4) solution [3 mg/mL]
was added to these oxygenated solutions, mixed gently, and then
absorbance was measured at 548 and 577 nm. Which are designated
as A548(r) and A577(r), respectively, where the subscript r represents
the deoxygenated HbA. Ratio of Ro and Rr as well as constants K4
and K5 were calculated as follows [63]:

Ro = A548(o)
A577(o)

(2)

Rr = A548(r)
A577(r)

(3)

K4 = 100
(Ro−Rr) (4)

K5 = 100 Rr
(Ro−Rr) (5)

The fresh HbA solution (800 �L) was placed into the cell of
spectrophotometer and absorbance at 548 and 577 nm was read.
This solution was titrated with several addition of 5 �L solution of
sodium dithionite. During each addition, solution was mixed gen-
tly and absorbance was measured at 548 and 577 nm after 3 min.
The titration was carried out till all oxygen was removed from HbA.
Percent saturation of HbA with O2 for each step was calculated as
follows:

Percent saturation = K4

(
A577
A548

)
− K5 (6)

Molar concentration of sodium dithionite [SDT], required for
50% saturation of HbA, is designated as [SDT]50. This is practi-
cally equivalent to P50 in oxygen dissociation curve of Hb [55].
The absorbance was recorded in Shimadzu model UV-3100 spec-
trophotometer whose temperature was maintained at 37.0 ± 0.1 ◦C
by circulating water from an external Haak D8 water bath. All sam-
ples were kept in an air-shielded cuvette.

2.2.4. Circular dichroism spectropolarimetry
Circular dichroism (CD) spectra in the far-UV regions

(190–260 nm) were obtained in J-810 Jasco spectropolarime-
ter using 1 mm path cell at 25 ◦C. Protein concentration (monomer
basis) was 21 �M (0.2 mg/mL) in the presence of 10 mM sodium
phosphate buffer, pH 7.4. Protein secondary structure was deter-
mined by CDNN program, version 2.1.0.223. The visible-CD
(350–600 nm) was measured in an Aviv 215 spectropolarimeter at
25 ◦C. The CD measurement was performed using a 10-mm path

length quartz cuvette and a protein concentration of 11 �M.

2.2.5. Fluorescence measurements
A Cary Eclipse Varian Australia spectrofluorescence that was

equipped with a temperature controller bath model Cary was used
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HbA and structure of the protein. In order to understand this
we carried out structural studies using UV/vis, CD and fluo-
rescence measurements. It should be noted that all structural
studies were carried out at 940 MHz with electric field intensity of
77 V/m.

Table 1
Values of ˛ (see Eq. (8)) of HbA in 10 mM phosphate buffer (pH 7.4). The protein was
exposed to 940 MHz with different electric field intensities (EFI) at 37 ◦C. The protein
concentration was 32 �M.

˛ ± S.D.a EFI (V/m)
S.J. Mousavy et al. / International Journal o

or the intrinsic fluorescence experiments. The excitation wave-
ength was adjusted to 285 nm, which was specific for the excitation
f tryptophan (Trp) residues of the protein structure. Emission spec-
ra were recorded between the wavelengths of 290 and 400 nm
t the bandwidth of 10 nm. Hemoglobin samples were 10.3 �M
monomer basis) in a phosphate buffer (10 mM, pH 7.4).

1-anilinonaphthalene-8-sulfonate (ANS) is a small organic com-
ound that be used to probe for the accessibility of hydrophobic
atches in proteins. In this study, protein solution (10.3 �M,
onomer basis) was prepared in 1 ml of phosphate buffer (10 mM,

H 7.4) with 10 �L of ANS (2 mM). Emission scans were then
btained from 365 to 600 nm using an excitation wavelength of
55 nm.

.2.6. Aggregation assays
Time courses of thermal aggregation of HbA solutions (11.3 �M,

onomer basis) were followed by measuring absorbance at 360 nm
n Cary-100 Bio VARIAN spectrophotometer using a 10-mm path
ength quartz cuvette [64]. Temperatures were controlled within
0.1 ◦C by a Cary temperature controller. Aggregation was followed

or 300 min at 60 ◦C. It is important to note exposed and unexposed
emoglobin samples were in solution at 37 ◦C and not aggregated.

.2.7. Thermal denaturation measurements
Thermal denaturation of HbA solutions (10.4 �M, monomer

asis) was followed at 280 nm in a Cary-100 Bio VARIAN spec-
rophotometer using a 10-mm path length quartz cuvette [64].
emperatures were controlled to within ±0.1 ◦C by a Cary tempera-
ure controller. Absorbance at 280 nm was obtained in temperature
ange 25–85 ◦C with a scan rate of 0.5 ◦C/min. This scan rate was
ound to provide adequate time for equilibration.

Thermal unfolding of HbA solutions (10.4 �M, monomer basis)
as also monitored in J-810 Jasco spectropolarimeter using 2 mm
ath cell by measuring the decrease in ellipticity at 222 nm with

ncreasing temperature. The dynode voltage changes that occurred
ith changes in temperature were also recorded and were used

s a criterion of protein aggregation [65,66]. Circular dichroism
nd dynode voltage at 222 nm was obtained in temperature range
5–85 ◦C with a scan rate of 0.5 ◦C/min.

. Results and discussion

.1. Oxygen affinity

More than 1000 variants of Hb have been reported, some with
ltered oxygen affinity, either higher or lower while maintaining
he stability of Hb. Individuals with low oxygen affinity hemoglobin
how mild anemia, whereas individuals with high oxygen affinity
emoglobin shows symptoms associated with polycythemia [67].

Sodium dithionite (Na2S2O4) is a powerful reducing agent used
o deoxygenate hemoglobin, and it is extensively used for this pur-
ose [68–74]. The reaction takes place between one molecule of
ithionite and one of oxygen, with the production of H2O2:

a2S2O4 + O2 + 2H2O � 2NaHSO3 +H2O2 (7)

We have used this reagent for deoxygenating of HbA.
Fig. 2 shows the percent saturation of HbA in 10 mM phosphate

uffer (pH 7.4) in the absence and presence of 940 MHz with an EFI
f 77 V/m as a function of [SDT]. We have analyzed each curve using
non-linear least-squares method of [SDT]50, the molar concentra-
ion of SDT at which HbA is 50% saturated with O2. These values of
SDT]50 were used to determine ˛, defined as

= 100([SDT]50unexposed−[SDT]50exposed)/[SDT]50unexposed

(8)
Fig. 2. Effect of 940 MHz with EFI of 77 V/m on HbA. Protein in 10 mM phosphate
buffer exposed (�), and unexposed (�). Experimental conditions: [HbA] = 32.5 �M,
exposure time = 1 h and pH 7.4. The effect of 910 MHz is resembled to 940 MHz, data
not shown. The error bars indicate of triplicate repeating experiments.

We have also determined ˛ value of HbA in the absence and
presence of 940 MHz with EFI of 21.7, 30.6, 48.6 at 10 mM phos-
phate buffer from the measurements such as shown in Fig. 2 (this
figure is plotted for 77 V/m as a typical, other electric field intensity
are resemble to Fig. 2). These values are tabulated in Table 1. It is
seen in this table that dependence of ˛ on EMFs is not linear; sug-
gesting that ˛ of HbA depends on factor(s) as well. It worth noting
that Tkalec et al. [75] suggest the effects of radio frequency fields are
frequency dependent and are not linear over the whole field inten-
sity spectrum. Furthermore, several workers have also reported
the nonlinearity responses of biological systems to radiofrequency
exposure [76–81].

Results presented and discussed above led us to conclude that
the O2 binding ability of HbA is affect by the EMFs intensity. We
wanted to know whether the duration to which HbA is exposed
to particular EMFs is also important. We have therefore designed
experiments in which HbA is exposed to 940 MHz with EFI of 77 V/m
(about 1.6 mW/cm2) for five fixed times (15, 30, 60, 90 and 120 min)
and measured % saturation as a function of [SDT]. These results were
analyzed for ˛ value for different times of exposure, and are shown
in Fig. 3. It is seen in this figure that ˛ increase with an increase in
time of exposure. Then exposure of HbA with electric field intensity
for long time has more effect on the retardation of the O2-binding
ability of the time.

All the O2-binding results suggested that EMFs has its effect
on the binding ability of HbA. We wanted to know whether
there is any relation between this decreased binding ability of
−2.20 ± 0.70 21.7
13.46 ± 3.58 30.6
16.46 ± 5.54 48.6
17.01 ± 2.45 77.0

a Standard deviation.
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ig. 3. Time-dependence of the effect of 940 MHz with EFI of 77 V/m on HbA. Exper-
mental conditions: [HbA] = 32 �M in 10 mM phosphate buffer, pH 7.4, at 37 ◦C. The
rror bars indicate of triplicate repeating experiments.

.2. Circular dichroism studies

Fig. 4 shows the far-UV CD spectra of unexposed and exposed
bA in 10 mM sodium phosphate buffer with 940 MHz and EFI of
7 V/m. It is seen in this figure that the exposed protein has slightly
ore secondary structure. This finding seems to suggest that the

econdary structure has no significant role to play in the altered
inding ability of HbA under these experimental conditions.

Fig. 5 shows CD spectra of HbA in the Soret band region under
ame experimental conditions used to obtain results shown in Fig. 4.
t may be seen in this figure that globin–heme interaction is affected
y an exposure to the radiation. The Soret CD spectra of HbA, which
esults from the �–�* transition of the heme chromophore, and this
ransition is influenced by the surrounding aromatic amino acids.
herefore, the Soret CD spectral changes can reflect the changes not
nly in the electronic state of the heme but also in its environment

82,83]. Visible circular dichroism spectra of the HbA exposed to
40 MHz with EFI of 77 V/m is shown in Fig. 5. The spectral dif-
erence in the Soret region indicates that tertiary structure of the
rotein is significantly changed on the exposure of HbA to EMFs.

ig. 4. The far-UV CD spectra of the HbA in 10 mM phosphate buffer (pH 7.4). CD
pectra of the exposed (a) and unexposed (b) HbA at 940 MHz with EFI of 77 V/m
or 1 h. The HbA concentration was 21 �M. The inset shows error bars of spectra for
riplicate repeating experiments and high reproducibility of measurements.
Fig. 5. The visible CD spectra of the HbA at 37 ◦C. CD spectra of the exposed (a) and
unexposed (b) HbA at 940 MHz, 77 V/m for 1 h. The HbA concentration was 11 �M
dissolved in 10 mM phosphate buffer at pH 7.4. The error bars of spectra indicate
triplicate of repeating experiments and high reproducibility of measurements.

This finding is possibly due to a difference in the tightness of the
heme attachment [84], leading to a change in the binding ability of
the protein on exposure to the electric field.

3.3. Fluorescence measurements

The Hb molecule is assembled from two symmetrical (��) dim-
mers. Each (��) dimmer contains three tryptophan (Trp) residues,
adding to a total of six Trp residues in the tetramer. Fluorescence of
hemoglobin tetramer is mainly due to the six tryptophan residues
[85].

Fig. 6 shows fluorescence spectrum of HbA solution in 10 mM
phosphate buffer exposed to 940 MHz with EFI of 77 V/m and
compare it with that of the unexposed HbA. This figure shows a
quenching of Trp fluorescence with 4 nm blue shift. It is known that
a shift of maximum emission wavelength corresponds to a polarity

change around the chromophore residues. A red shift always indi-
cates that Trp residues are, on average, more exposed to the solvent
and these is a decrease in the fluorescence intensity. On the other
hand, a blue shift is a consequence of transferring Trp residues into
a more hydrophobic environment and there is an increase in the

Fig. 6. Fluorescence spectra of HbA in 10 mM phosphate buffer (pH 7.4) at
37 ◦C. Unexposed (—) and exposed (- - -) proteins. Experimental conditions:
[HbA] = 10.2 �M, 940 MHz of EFI = 77 V/m, and exposure time = 1 h. The error bars
of spectra indicate of triplicate repeating experiments and high reproducibility of
measurements.
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Fig. 7. Fluorescence spectra of ANS binding with exposed (- - -) and unexposed (—)
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Fig. 9. Heat-induced denaturation of the exposed (- - -) and unexposed (—) HbA
in 10 mM phosphate buffer (pH 7.4). Experimental conditions: [HbA] = 10.4 �M,
940 MHz, EFI = 77 V/m, exposure time = 1 h and at 37 ◦C. Denaturation was moni-

◦

bA (excitation wavelength was 355 nm). The HbA concentration was 10.3 �M dis-
olved in 10 mM phosphate buffer (pH 7.4). The protein was exposed with 940 MHz,
FI of 77 V/m for 1 h at 37 ◦C. The error bars of spectra indicate of triplicate repeating
xperiments and high reproducibility of measurements.

uorescence intensity. However, it is observed that although there
s a blue shift indicating that Trp is transferred to a more hydropho-
ic environment, yet fluorescence intensity is decreased (see Fig. 6).
his could be due to quenching of the Trp fluorescence by the heme.
ur results do suggest that the tertiary structure of the protein is
ltered on exposure to the EMFs.

The fluorescence probe ANS has often been used for research
n biosystems. ANS exhibits a large fluorescence enhancement on
inding to the exposed hydrophobic patches of proteins [85]. Flu-
rescence of ANS in exposed HbA is less than unexposed HbA (see
ig. 7). This finding suggests that the untreated HbA has more
ydrophobic patches exposed to solvent than the EMFs exposed
rotein. Thus, the exposure of HbA to EMFs leads to a more compact
tructure of the protein.

.4. Aggregation measurements

Fig. 8 shows the change in A360 (a probe for measuring aggre-

ation) of HbA in 10 mM phosphate buffer solution exposed to
40 MHz with EFI of 77 V/m as a function of time at 60 ◦C. It is seen

n this figure that aggregation process of the exposed and unex-
osed of HbA is similar until 175 min. After that, aggregation of the

ig. 8. Time courses for aggregation of HbA in 10 mM phosphate buffer (pH 7.4) at
0 ◦C. Exposed (a) and unexposed (b) protein. Protein (11.3 �M) was exposed to radi-
tion (940 MHz, EFI = 77 V/m and exposure time = 1 h, at 37 ◦C) and measurements
f absorbance at 360 nm was carried out at 60 ◦C. The error bars indicate triplicate
epeating experiments and high reproducibility of measurements.
tored by change in absorbance at 280 nm with a heating rate of 0.5 C/min. The inset
shows first derivative of plots of A280 vs. temperature. The error bars were showed
in the inset indicates of triplicate repeating experiments and high reproducibility of
measurements.

exposed HbA reached a plateau, but aggregation process of unex-
posed HbA continued. So, it could be concluded that the extent
of aggregation of the exposed HbA is smaller than normal condi-
tion. This could be due to the less exposed hydrophobic surface on
the protein exposed to the radiation. This observation is in agree-
ment with the intrinsic and ANS fluorescence measurements (see
Figs. 6 and 7).

3.5. Thermal profiles

Fig. 9 shows thermal denaturation profiles of HbA in 10 mM
phosphate buffer unexposed and exposed to 940 MHz with electric
field intensity of 77 V/m. This figure indicated the thermal profiles
induced by tertiary structure which obtained by UV spectrometer
at 280 nm. The inset shows the first derivative of each curve. The
maximum in this profile occurs at Tm [86]. It has been observed
that the exposed HbA shows 2 ◦C increasing in Tm suggesting that
the exposed HbA structure is slightly more thermal stability rela-
tive to the unexposed protein. This finding is also consistent with
the fluorescence measurements.

It should be noted that each curve shown in this figure (see
Fig. 9) describes at least two phenomena, namely denaturation and
aggregation. We wanted to know which of these phenomena are
affected by EMFs that exerted in our experiments. Thus, we need to
discriminate these two different phenomena (unfolding and aggre-
gation). For this reason we carried out another experiment based
on the method used by Benjwal et al. [65]. This method is carried
out by circular dichroism (CD) experiments and then used CD data
along with dynode voltage data to discriminate between the heat-
induced protein unfolding and aggregation. To discriminate these
two phenomena we also used this technique.

Fig. 10 shows thermal unfolding and aggregation profiles of HbA
in 10 mM phosphate buffer unexposed and exposed to 940 MHz
with electric field intensity of 77 V/m used Far-UV circular dichro-
ism spectropolarimetry (accordance to secondary structure of
protein). Fig. 10a represents unfolding process and show that onset
of unfolding of unexposed protein is resembled with the exposed

sample. The figure also indicates that the whole thermal unfolding
profile of exposed protein is postponed relative to unexposed
sample. Fig. 10b represents aggregation process of HbA that is
obtained by dynode voltage at 222 nm as a criterion of aggregation
profile. It has been observed in this figure that onset of aggregation
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Fig. 10. Thermal unfolding and aggregation of the exposed (- - -) and unexposed (—) HbA in 10 mM phosphate buffer (pH 7.4) monitored by CD and turbidity. (a) CD melting
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urves, �222 (T), recorded at 222 nm report on a-helical unfolding. (b) Turbidity (
ncrease in the particle size due to protein aggregation. Experimental conditions: [H
nd dynode voltage at 222 nm was obtained in temperature range 25–85 ◦C with a
eproducibility of measurements.

f unexposed HbA is about 52 ◦C but those of exposed protein is
t 54 ◦C. This difference indicates that the structure of the exposed
bA is slightly late aggregate and therefore is more thermal stable

elative to the unexposed protein.
The results from Figs. 9 and 10 indicate the thermal confor-

ational change for hemoglobin started near 60 and 55 ◦C for
ertiary and secondary structures, respectively and not any confor-

ational change occurred at near 37 ◦C for exposed and unexposed
emoglobin. We conducted all other experiments at 37 ◦C where
here is no aggregation, to avoid any possible interference of sample
urbidity with spectrophotometrically measurements.

. Conclusions

Our in vitro experiments led us to the following conclusions.
he mobile phone frequencies of 910 and 940 MHz affect the O2-
inding ability of HbA (we have shown the data and figures relative
o 940 MHz as a typical). The data relative to 910 MHz is resem-
led to 940 MHz (data not shown). In fact, Hb of a healthy human
xposed to these frequencies bind less O2 in the lung and releases
ore O2 in the tissue. This change in the functional activity of HbA

s due to changes in the tertiary structure of the protein at 37 ◦C. The
lteration of structure of exposed HbA is accordance with dimin-
shing and late aggregation process relative to unexposed sample.
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